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examinations of substrate-induced enzyme for-

mation in genetically controlled yeast strains
#an attempt to employ this phenomenon as a tool for
&e analysis of the gene-enzyme relationship problem.
Some of the pertinent faets which emerged from these
gudies may bhe swmmarized briefly as follows: (1)
Potentiality for enzyme formation ean segregate in a
Yendelian fashion; (2) subsirates, rather than genes,
aitieally eontrol enzyme activity levels; and (3) an
azyme (melibiase) ean be maintained in the presence
of substrate for an indefinite number of cell genera-
tions in the abscuce of the gene necessary to the initia-
ton of its synthesis.

PREVIOUS PUBLICATIONS (14, 16) reported

These findings suggested the existenee of a eyto-
‘glasmie self-duplicating enlity as being involved in
sazyme syntliesis.  Whether the entity was the enzyme
wsclf or something mediating its formation could not
¥ decided on the basis of the observations. Ifow-
wer, because of its simplicity the former was adopted
s a tentative working hypothesis. In any ease, it
ws evident that, in so far as enzymatie constitution
wis eoncerned, the eytoplasm possessed a degree of
mtonomy from the genome not easily reconcilable
with the more elassieal views of gene-enzyme rela-
$enships in which the gene is considered as the only
aff-duplicating unit in the cell.

Subsequent experiments were designed to obtain
mire information on the mechanism of enzyme forma-
‘tea with particular reference to energy requirements,
kis proposed to report here certain of the results
<ixined as being particularly suggestive for the gene-
eayme problem and to diseuss their implications.

- Rhas been found (25) that enzyme synthesis under
smrobic conditions could be prevented cither with
%X, or dinitrophenol without disturbing the rate of
adohydrate metubplism. The ability of these sub-
®2es to prevent utilization of metabolie encrgy for
mthetie aetivity is apparently quite general, having
bem demonstrated for such diverse processes as cell
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division (8), carhohydrate and ammonia assimilation
(18), and cell regeneration (9).

On the assumption that phosphate-bond cnergy, as
generated by the glyeolytie system, foris the primary
source of cnergy for eell function and growth under
anacrobie condilions, experiments were undertaken to
examine the effeet of these agents on phosphorus
metabolism, using radioactive phosphorus (P32) as
a tracer.

The most consistent correlation between phosphorus
metabolism and protein or enzyme formation was
found in the flow of phosphate from the nueleopro-
tein fraetion (NP). This latter is the residue phos-
phbate remaining after suceessive extractions with
water, eold trichloreacetic acid, aleohol, and hot aleo-
hol-ether (3:1).

The behavior of the phosphatie in this fraction was
followed under various conditions, employing P32 in
the following manner: Cells were grown in the usual
media at 30° C. in the prescnee of P32 (aetivity,
5x10° els./min./mg. P). This resulted in complete
cquilibration of the labeled phosphorus in all frae-
tions. After 48 hours these cells were haivested,
washed three times in unlabeled M/15 KIH,PO,, re-
suspended in unlabeled M/15 KH,PO, with 4 per
cent glucose, and allowed to ferment the carbohydrate
under completely anacrobie conditions. ‘No budding
or inerease in profein nitrogen is observed in such
suspensions.  Samples were withdrawn at intervals
for activity measurcments. It was found that within
4 hours aboul half of the total activily was lost.
After fractionation it was found that (except for 1
or 2 per cent) this loss in activity could be com-
pletely aceounted for in the acid-soluble fraction which
forms about 50 per ceut of the total P eontent of the
cells. The total aetivity (I’#* content) as well as total

- P31 of the nuelcoprotein fraction had actually inereased

slightly (8 per cent) during this period, indieating
flow of phosphate into this [raetion. These data elearly
showed that rapidly metabolizing but nondividing eells
did not lose phosphaie from the NP fraction even
though the major portion of the remaining phosphate



was being rapidly cquilibrated. Sinee aelivity of the
phosphate in the acid-soluble fraction of such cells
was about one-fourth that of the NP phosphate, they
were favorable material for the further study of ex-
changes between the two fraetions. Allowing such
cells to ferment carhohydrate for longer periods of
time (up to 6 hours) again left the total activity of
the NP fraclion unchanged, although the spceifie
activity was deereased due to dilution by the flow of
low specifie activity phosphale from the acid-soluble
fraetion.

The entire behavior of the NP fraction was changed,
however, when such cells were induced to synthesize
new protein either by adding ammonia or by forcing
the synthesis of ‘a new enzyme. The results obtained
in a typieal experiment are exemplified by the data
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in Fig. 1. In this experiment cells were suspended in
physiologieal saline? containing: (a) glucose, (b) glu-
cose+ (NH,),S0,, (¢) glucose + (NH,)},SO, + NaN,,
“(d) glucose + (NH,),SO, + dinitrophenol. The amount
of (NH,),SO, was equivalent in nitrogen to 50 per
cent of the nitrogen content of the yeast. The eoncen-
trations of NaN; and dinitrophenol were 5x10-% and
5x10¢ M, respectively—sufficient to completely in-
bibit enzyme formation.

It will be noted that with glucose alone there was
no change in activity, whereas when ammonia was
present, with eonsequent budding, the nueleoprotein P
dropped to 38 per cent of its original total activity,

2 The use of éxogenous inorganic phosphate decreases quan-
titatively the tlow of phosphate from the NI* fractlon as
obhserved by activiiy measurements, since there ig a2 tendency

for the cells to utiiize the more recently esterificd phosphate
for-synthetic purposcs.

~collaborators.

indicating a flow of phosphate from this fraction, It
is evident that the azide and, to only a slightly lesser
extent, the dinitroplhenol were able to prevent this
utilization, Kxeept for the fact that the transfer ot
less phosphate was involved, the same phenomenon
was observed when cells were induced to furnd a new
enzyme., Thus, in an experiment in which cells were
adapted to maltose, a 34-per cent drop in activity of
the nuecleoprotein phosphate was obscrved.  Aguin
azide and dinitrophenol in the above eonecutrations
prevented both the formation of the enzyme and the
transfer of phosphate from the NP fraction.

These findings provide us with the following corre-
lations between protein or enzyme synthesis and the
transfer of phosphate from the NP fraction: (1) Rap-
idly metabolizing cells which are not synthesizing new
protein do not transfer phosphate from the NP frae
tion; (2) synthesis of mnew protein or enzymé is
paralleled by a marked transfer of phosphate from
the NP fraction; (3) agents which are effective in
inhibiting enzynie formation and protein synthesis
also prevent flow of P from the NP fraction. To
these must be added the fundamental observations of
Caspersson and his collaborators on yeast (2), as well
as many other cells, which point to a rigid connection
between nucleie acid metabolism and protein synthesis,

In the light of the data presented heve, which in.
troduce nucleoproteins as econtrolling elements in
enzyme synthesis, it scems highly desirable to re-
examine our previous experiments and interpretations,
Several problems are raised, among thera the funetion
performed by the nucleoprotein and, closcly related,
the nature of the relation of the nueleoproicin to the
gene, on the one hand, and to the enzyme whose forma.
tion it mediates, on the other. An obvious opportunity
exists here for a rational linkage of these three funda-
mental units.

Modern biochemical research (7) whieh has empha-
sized the role of organie phosphate bonds as sources
of energy for synthetic activities provides a founda-
tion upon which may be based a reasonable hypothesis
of nuclcoprotein function in enzyme synthesis. Of
particular value here is the mechanism of complex
polysaccharide synthesis, the elucidation of which
we owe to the work of the Coris (3) and their
It is found that in the synthesis of
a glycosidic bond, glucose-1-phosphate rather than
glueose is the reactant involved. The unique feature
here is the econversion of an energy-requiring synthetie
stcp into a spontancous reaction by supplying the
necessary energy in the molecular structure of one
of the reactants,

“Trom this it would appear that the quantitative
energy requirement for a partieular synthetie reaction
is not the crucial issue. There are many phosphory-



fated compounds (e.g. glucose-6-phosphate, adenosiue-
triphosphate) which have more than suffieient energy
10 form & glyeosidie link if there actually existed some
gechanism for ‘feeding’ it into the reaction. How-
ever, the energy content of these gompounds eamnot
be used for this purpose. Clearly, a further require-
ment is what may be ealled “speeifieily” of boud
emergy. Thus, thé aclual nature of the hond, and the
ewmpound carrying the energy, will determine its
suitability for driving' a partieular reaction. The
_emergy generated by the ‘catabolie wheel’ and trapped
w such energy aceumnlators as adenosinelriphosphate
or creatine-phospbate is too ‘generalized’ to be used in
driving the various synthetic mechanism of anabolisui,
The encrgy contained in such compounds must be
Lteansferred to others which ean aect as speeific energy
sonators for particular synthetic reactions.

- This eoneept unifics and simplifies the problem of
biological synthesis, since it avoids separating the
problem of synthesis into one involving the reactants
ssd another coneerned with the source of the “coupled”
driving energy. :

From this point of view it is not surprising to
£2d that nucleoproteins are countrolling clements in
protein formation. We may further plausibly suggest
tkat these phosphorus-containing proteins are the
specifie energy donators which make possible reactions
kading to protein and enzyme synthesis.®

It would be hazardous at present to attempt to offer
1 definitive formulation of what we mean by a ‘seif-
duplicating’ unit. Ifowever, one ailribute it is likely
¥ possess is the ability lo transform and accumulate
wergy within its own moleeular strueture which can
be weed for the synthesis of similar units. At any
-l it is relatively casy to show that the growth
kireties of such ‘energy aceumulators’ is of the self-
doplicating or autoeatalytie type. Of the known pro-
iz, those containing phosphorus would be the most
tely to possess this property.

- Inthe light of the data presented here and the above
s&seussion it seems reasonable to adopt ihe tentative
“werking hypothesis that the eytoplasmie self-duplicat-
23 entities previously found (14, 16) to be involved
@& enzryme formation are nueleoproteins rather than
e enzyme jtself. Such an hypothesis would be in
Aammony with the findings that all aceepted self-dupli-
atiss units (with but one or two isolated -exceptions)
bave been found to be inseparably linked with nucleie
acd-containing compounds. Among such entities may
‘h' mentioned genes (12), plastogenes (19), viruses
), and the pneumococeus ‘transforming prin-

= (1),

*H. 3. Muller (personal  communication)  independently
snvted that nucleoproteins might provide the energy for
::"“ ,“.\'mh(-sis in hiz PiHgrim Leeture in London, Nevem-

MY (In press),

From the assumption that the nucleoprotein rather
than the cnzyme is the cytoplasmie self-duplicating
unit several experimental consequenees follow, It
would be expected that eells not possessing the initiat-
ing gene for a particular enzyme could still retain
capacity for syuthesis of such an enzyme, even in the
absence of this enzyme, providing an adequate number
of nneleoprotein units were present. Experiments
with melibiase (16) arve consistent with this point of
view. In some of the clones missing the mel + gene,
irreversible loss of potentiality for melibiase synthesis
was not obtained until about 20 lLiours subsequent to
the disuppearance of all measurable enzyme. Thus,
for a considerable period of time these cells retained
the capacity for the synthesis of this enzyme in the
abscnee of any evidence for its presence in the cyto-
plasm. Reeent experiments (6), suggesting that eyto-
plasmie transmission of the capacity to form enzyme
can oceur in the absence of any measurable enzyme
aetivity, would also support this idea.

In view of the presumed chemieal similarity between
the two, it scemns almost necessary to conelude that
the sel{-duplicating nuelcoprotein which mediates pro-
{ein and enzyme formation is derived from the gene.
The value of this conclusion resides in the fact that
it provides us with an experimentally analyzable entity
which ean bridge the gap between the gene in the
nucleus and the enzyme in the eytoplasm,

We are thus led to propose the following concept of
gene action: Genes continually produce at different
rates partial rveplicas of themselves which enter the
eytoplasm. These replicas are nueleoprofein in nature
and possess to varying degrees the capacity for self-
duplieation. Their presence in the eytoplasm controls
the type and amounts of proteins and enzymes syn-
thesized.  These eytoplasmie self-duplieating units,
like all such entities, would compete with each other,
and the outeome of sueh eompetitive interaetion would
then determine the ¢nzymatic make-up of the eyto-
plasn.  Inherent in this coneept is the possibility of
changing the ultimate result of this competition by
varying the conditions under whiceh it takes place.

The unique feature of this kind of theory is that
while supplying a link between gene and enzyme it
at the same time prediets that eells with identical
genomes need not possess identieal enzymatie eonsti-
tutions. Whether a pavtieular character will be trans-
mitted from one cell generation to the next in a Men-
delian fashion will, thus, depend on the relative rates
of duplication of the eontrolling eytoplasmie units as
compared with their rate of production from the gene.
If the latter is quantitatively determining, Mendelian
inheritance will be observed; if the former is determin-
ing, the Mendelian picture will be obseured to virving
degrees.  As a tentative working hypothesis, it has



the advauntage of providing a unified point of view
from which such diverse and apparently eontradiclory
phenomena as classieal Mendelian geneties, eytoplasmie
inheritance, cellular differentiation, and enzymatie
adaptation may be analyzed.

The basie problem of cancer involves explaining
the appearanee of a sudden heritable change in somatie
cells analogous in several ways to enzyme adaptation
or ecllular differentiation. It is, therefore, not sur-
prising that cancer investigators (11, 17, 20) were
one of the first groups of biological workers to strongly
suppori the Sﬂ""'ﬂbted existence of a eytoplasmie
hereditary unit. An entity of this kind, by being
self-duplicating, provides them with another level at
which a mutation ean {ake place and be subsequently
transmitted via the cytoplasm from one cell generation
to the next.

More or less similar views bave been proposed by
gencticists. Wright (21) in particular emphasized
several diffienlties in irying to explain either growth
or differentiation in terms of the classieal Mendelian
coneept of the gene. Thus, assumption that cvery
time a new protein molecule is formed during growth
the gene on the ehromosome must intervene as a kind
of model implies that growth would procced linearly
from a relatively minute portion of the eell. The
kinetics of cell growth follow an autocatalytic law
and so ave not- consistent with this thesis. He there-
fore suggested that perhaps “duplieates or partial
duplieates of genes veach ibe eytoplasm when the
nuclear membrane disappears in mitosis and that these
ean produce duplieates in turn, and so on, permitting
¢xponeniial inerease.” To explain the fact that eyto-

plasmie inheritanee is rarely observed he asswmes
that the self-duplicating eapacily of these free genie

replicas is subjeet to decay.

Those thal retain this

capacily indefinitely he ealled “plasmagenes?
Again, in conneetion with cellular -differentiation
Wright (22) points out that the heritable stability of

the differentiated stale is move

we

casily understood if
assume the existence of self-duplieating eyto.

plasmic components (plasmagenes) whieh can undergo
conirolled mutations. Stimulated by the fundamental

observations of Sonnchorn (13),

Darlington (4) also

postulated the existence of a eytoplasmic self-dupli-
cating unit which he called the “plasmagene” and
whiceh he assumed controls heredity at the “molecular
level”
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